The kinetics of the adsorption of Cu 2+ and Pb 2+ ions from aqueous solution on to WD-ekstra activated carbon was studied by batch methods. Such adsorption processes proceeded in two stages: an initial rapid stage followed by a slower one. The Bangham equation was used to describe the kinetics of both adsorption processes. Measurements were carried out for solutions containing only one type of metal ion and also for binary systems containing both Cu 2+ and Pb 2+ ions. A considerable influence of Pb 2+ ions on the adsorption of Cu 2+ ions was observed in the binary system. It was found that the equilibrium isotherms could be analyzed using the Langmuir, Freundlich-Langmuir and Freundlich methods.
INTRODUCTION
The content of heavy metals in municipal and industrial waters often exceeds allowable concentrations. This problem is especially pronounced in wastewaters produced by the metallurgical industry. Chemical methods used for the removal of such impurities, for example the precipitation of the insoluble hydroxides of the heavy metals, often appear to be troublesome. Apart from that, the chemicals introduced into wastewaters during their purification also change the quality of the purified water. For these reasons, much work is at present being undertaken on the effective removal of such impurities without any change in the mineral content (alkali metals, alkaline earth metals) of the system. One such method so utilized involves adsorption on activated carbons. Apart from the effective removal of organics, these materials show selective ion-exchange and sorptive properties towards heavy metals (De c bowski and Lach 1996) .
In order to study the kinetics of metal ion adsorption on WD-ekstra activated carbon, a series of adsorption experiments has been undertaken using an agitated bath adsorber. The main aim of these kinetic studies was to develop a model that could adequately describe the adsorption process on the activated carbon. A number of experimental variables were considered including the influence of (i) the initial pollutant concentration, (ii) the adsorbent mass and (iii) the solution temperature.
Several stages may be considered in an explanation of the mechanism of solute adsorption on to an adsorbent. In the present work, the overall adsorption process has been assumed to proceed according to a three-step model:
1. Mass transfer of the solute from the bulk solution to the adsorbent surface. 2. Internal diffusion of the solute via model methods into the pore system and the homogeneous solid phase. 3. Adsorption of the solute on to active sites.
In any kinetic analysis, step 3 is the most rapid (not rate-limiting) relative to the other two stages (McKay et al. 1986 ). However, the development of models based on the two other steps alone is quite complex and requires both coupling equations and their subsequent solutions. In view of the simplification involved in the above assumption, descriptions of the adsorption processes were attempted using the elements of stages 1 and 2, i.e. employing a mass-transfer coefficient through a thin film or a mass diffusion transfer coefficient (McKay et al. 1986 ).
The Bangham equation (1) was employed to calculate the kinetic coefficients for the adsorption of Cu 2+ and Pb 2+ ions on to WD-ekstra activated carbon. Changes in the adsorption capacity with time can be expressed by the following equation (Bangham and Burt 1924; Qadeer and Hanif 1994) :
(1) dt where q t is the amount of metal ions adsorbed per g activated carbon in a given time (mg/g), a is a constant (< 1), t is the time (min) and k is the rate of mass transfer from the solution to the adsorbent surface [mg/(g min) -a ].
From equation (1), the rate k may be defined as:
where f 0 is the mass loss in the solution (mg), k 0 is a proportionality constant [dm 3 /(g min)], m is the amount of activated carbon employed (g), V is the measured volume of the solution (mg/dm 3 ) and q t has been defined earlier.
Equations (1) and (2) can be written in the following form:
This equation may be integrated as:
The function given in equation (6) describes the diffusion of the ions through a thin film. If the function possesses a rectilinear character, the assumed adsorption model is correct. The same function has been applied in earlier work (Kapica et al. 2002b ).
EXPERIMENTAL
WD-ekstra, an activated coal-based carbon obtained from Gryfskand, Poland, was used in this work. The activated carbon was based on a hard coal powder plus adhesive and was prepared by pressing the cylindrical granules followed by drying, carbonization and activation with steam. Before measurements were undertaken, the studied adsorbent was ground to produce a uniform powder and finally dried at 110-120ºC for 8 h. Stock solutions were prepared by dissolving suitable salts, e.g. Cu(NO 3 ) 2 2H 2 O and Pb(NO 3 ) 2 , in distilled water. The concentrations of Cu 2+ and Pb 2+ ions in the solutions thereby obtained and used in the single-component adsorption experiments were 8.23 mg/dm 3 and 48.70 mg/dm 3 , respectively. The model solution used in the binary system (bisolute adsorption investigations) was prepared as a mixture of Cu 2+ and Pb 2+ ions with concentrations of 9.75 mg/dm 3 and 47.10 mg/dm 3 , respectively.
Vessels containing 50 ml of an aqueous solution containing Cu 2+ or Pb 2+ ions, or their mixture, and defined amounts of the carbon sorbent (0.025 g, 0.030 g, 0.035 g, 0.040 g, 0.045 g or 0.050 g) were shaken for different periods of time at a constant temperature (20ºC). Solutions containing either Cu 2+ ions alone or a mixture of both Cu 2+ and Pb 2+ ions were shaken for 2 to 240 min. The adsorption of Pb 2+ ions was determined after 1, 2, 5, 10 and 15 min shaking. A laboratory shaker at a controlled temperature was used for this purpose. Before the concentration of metal ions present in the solution was measured, the activated carbon was filtered from the mixtures. Subsequently, the concentration of metal ions in solution as a function of time was plotted. The amount of metal ions adsorbed per g activated carbon was calculated using the equation:
where x/m is the amount of metal ions adsorbed per g activated carbon (mg/g), C 0 , C e are the initial (original) and equilibrium concentrations in the liquid phase (mg/dm 3 ), V is the volume of the liquid phase (dm 3 ) and m is the amount of activated carbon employed (g).
The concentration of metal ions in solution was measured using an ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy) spectrometer (Jobin Yvon, Ultrace JY 238) employing wavelengths of 220.353 nm and 324.754 nm for the detection of Pb 2+ and Cu 2+ ions, respectively.
Calculation of both Freundlich isotherm parameters (n and k F ) and the Langmuir isotherm coefficients (a m and b) (Milchert et al. 2000) was undertaken using the Statistica 5.0 computer software:
where k F and n are coefficients of the Freundlich adsorption isotherm equation and C eq is the equilibrium concentration in the liquid phase (mg/dm 3 ).
Langmuir isotherm equation
bC eq a = a m -------(9) 1 + bC eq where a m and b are coefficients of the Langmuir adsorption isotherm equation. Adsorption isotherms for Pb 2+ and Cu 2+ ions and their mixture on to WD-ekstra activated carbon: , single Pb 2+ ion system; F , binary Pb 2+ ion system; , single Cu 2+ ion system; , binary Cu 2+ ion system. Figure 1 depicts the adsorption isotherms for the individual Cu 2+ and Pb 2+ ions. In addition, the isotherms for the individual ions in the binary system are also included. Such experimental data can be described by various adsorption isotherms. However, the Langmuir, Freundlich-Langmuir and Freundlich equations seemed to be the most suitable for the systems investigated. Tables 1, 2 and 3 contain the calculated coefficients for the above-mentioned equations together with the value of the correlation coefficient, R 2 , in each case.
RESULTS AND DISCUSSION
It was assumed that the value of a m in both the Langmuir and Freundlich-Langmuir equations corresponded to the maximum degree of adsorbent saturation (monolayer) by the metal ions concerned. In the case of the binary system, a significant decrease in the adsorption of Cu 2+ ions caused by the presence of Pb 2+ ions was observed. On the other hand, the presence of Pb 2+ ions in the binary solution apparently had little influence on the adsorption of the ion itself. Furthermore, when adsorption from the binary system was considered, the value of a m calculated from the Langmuir equation was only half that obtained for the adsorption of Cu 2+ ions from the single solute system. The value of a m remained virtually unchanged for Pb 2+ adsorption in the presence of Cu 2+ ions (Von Szombathely et al. 1992 ). The behaviour observed in the case of the binary adsorption of the above-mentioned metals is supported by literature data (Petrov et al. 1992 ) when it was considered that ionic strength effects influenced the adsorption sequence during the adsorption process. The surface areas occupied by the metal ions were calculated on the basis of the ionic radii of both metal ions (Pb 2+ = 0.132 nm; Cu 2+ = 0.0272 nm) and the values of the maximum adsorption capacities determined. The relatively small values of such surface areas could have arisen from (i) the large contribution of alkali surface sites, (ii) the small number of active sites showing a high affinity towards Pb 2+ and Cu 2+ ions and (iii) competitive uptake of the active sites by solvent (water) molecules.
The course of the kinetic curves for the adsorption of Pb 2+ and Cu 2+ ions on WD-ekstra activated carbon is shown in Figures 2-5 . Three sections can be distinguished in these curves: 1. Section 1: concentrations in the range from C 0 up to ca. C = 3C e . 2. Section 2: concentrations in the range from C = 3C e up to the equilibrium concentration C e . 3. Section 3: after the achievement of adsorption equilibrium, i.e. when the plot was parallel to the abscissa axis.
Over the initial stage, the kinetic curves for Cu 2+ ion adsorption were very steep. Only a slight change occurred in each increment and hence it may be assumed that dC/dt or dq/dt = const. (Figure 2) . A similar effect occurred in adsorption systems containing Pb 2+ ions or both Pb 2+ and Cu 2+ ions (Figures 4 and 5) . A radical change in the kinetic curves was observed when the concentration reached an equilibrium value (second section of the curves). In view of the above curve shapes, it may be concluded that a concentration gradient was set up between a kind of liquid phase and the concentration in the pores in the initial stage of the adsorption process, with the latter concentration acting as a driving force. Additionally, over the whole range of concentrations from C 0 to C = 3C e , the concentration gradient remained constant.
From this it follows that, in the initial stage of adsorption, the key factor limiting the rate of the process was diffusion through a film. In contrast, for concentrations higher than 3C e , the process was limited by diffusion in the pores (McKay et al. 1986; Qadeer and Hanif 1994) . Over this time range, the kinetic curve displayed large deviations from a linear form. Furthermore, after exhibiting a common course during the initial stage, the kinetic curves obtained tended to separate after a certain period of time. All this information may indicate that, in the initial stage, the process was controlled by transport via a film mechanism and subsequently limited by diffusion in the pores. The relatively short time necessary to obtain adsorption equilibrium may mean that surface diffusion had no substantial influence on the transportation of Pb 2+ and Cu 2+ ions. It is likely that the ions were strongly bonded to active sites on the surface of the activated carbon, their transitional energy being too small to overcome the binding energy potential. For this reason, superficial migration was not possible in the pores (McKay et al. 1986; Qadeer and Hanif 1994) .
These conclusions are also confirmed by the process rate coefficients calculated from the Bangham equation. Linear plots were obtained when log log[f 0 /(f 0 -q t m)] was plotted versus log t, as indicated in Figures 6-9 . This suggests that the Bangham equation provided a good description of the experimental data. The corresponding values of a and k 0 (calculated from the slopes and intercepts of the plots) are listed in Table 4 .
In order to determine the adsorption rate constants, the kinetic curves obtained over the range t = 0 to the time necessary to achieve adsorption equilibrium were analyzed. For all the adsorption systems studied, the value of the a coefficient in the Bangham equation increased in accordance with the amount of activated carbon employed, to attain values close to unity for the largest amounts of carbon used. Such behaviour arises from the rectilinear nature of the kinetic curves. With those experiments in which the largest amount of carbon was used, diffusion in the pores played only a minor role in the adsorption process. This may be linked to the larger contact area between the solution and the activated carbon grains (Qadeer and Hanif 1994) . Such dependence was reversed for the adsorption of Cu 2+ ions, a tendency probably related to the high alkalinity of the carbon surface (Kapica et al. 2002a) . As the loading of carbon in the system increased, the pH of the solution also increased. Since Cu 2+ ions start to change into a water-insoluble hydroxide at pH = 5.3 (De c bowski and Lach 1996), this may explain the decrease in the rate of the process observed in the presence of increasing amounts of WD-ekstra activated carbon in the system. Increasing the amount of activated carbon from 0.5 g/dm 3 to 1.0 g/dm 3 caused a respective increase in the pH value of the aqueous solution containing Cu 2+ ions from 6.5 to 7.0. Under such conditions, the Cu 2+ ions would tend to form insoluble compounds. In contrast, Pb 2+ ions only form insoluble hydroxides at pH > 7.0. Hydrolysis of Cu 2+ ions causes an increase in the radius of the adsorbed complex (the radius of a hydrated Cu 2+ ion is equal to 0.419 nm) and as a result the motility of such complexed ions decreases (Nightmighle 1959) . In these types of systems, the kinetic curves are less steep than for others. However, this was not observed when adsorption of Cu 2+ ions occurred in the presence of Pb 2+ ions. This seems to be related to the action of Pb 2+ ions in reducing the amount of copper hydroxide formed in the system.
The decrease in the value of the rate constant, k 0 , observed in each case resulted from a decrease in the external mass-transfer coefficient linked to the driving force per unit area of adsorbent surface. Employing larger amounts of activated carbon led to an increase in the surface accessible for adsorption for each system when the initial concentration was kept constant. This would lead to a decrease in the driving force per unit area of surface (McKay et al. 1986 ). Utilizing the Bangham equation to describe the kinetics of metal ion adsorption on activated carbon provided a good explanation for the penetration of Pb 2+ and Cu 2+ ions into the activated carbon pores during the adsorption process (Aharoni et al. 1979) .
CONCLUSIONS
The time necessary to achieve equilibrium in Pb 2+ and Cu 2+ ion adsorption was ca. 40 min. During the initial stage of the process the kinetic curves were steep and followed a common course irrespective of the amount of carbon employed. The alkalinity of the surface of WD-ekstra activated carbon had a considerable influence on the adsorption kinetics of Cu 2+ ions.
The main step limiting transportation of ions to the active sites on the activated carbon surface was diffusion through a film, which subsequently changed to diffusion in the pores.
The presence of Pb 2+ ions led to a decrease in the adsorption of Cu 2+ ions from a binary mixture of these ions. However, no special influence of Cu 2+ ions on the adsorption of Pb 2+ ions was observed.
Employing the Bangham equation for the description of the adsorption kinetics allowed the use of a well-assumed mechanism for explaining ion adsorption on WD-ekstra activated carbon. This mechanism involves two important stages: (i) transportation of solute from the solution to the adsorbent surface and (ii) internal diffusion of the solute via model diffusion both in the pores of the activated carbon and in the homogeneous solid phase.
